The concept of Software Defined Manufacturing (SDM) gives full adaptability of a production and its equipment purely through definition by software. The whole production software, which includes cloud services, machine control software, part programs and embedded software, is automatically generated depending on a description of the product to be manufactured. The concept of SDM gives the possibility to exchange all software parts of a production, depending on requirements given by the product to be manufactured. For software definition a formal virtual description of product functionalities, geometrical dimensions, material, quality and production processes has to be provided. This description allows to automatically define manufacturing processes and their sequences which are needed to manufacture the described product. Model-based systems engineering in production environments is seen as a key technology to achieve SDM installations in manufacturing. In this paper the vision of virtual representation of products and production equipment for SDM is presented.
INTRODUCTION
A key aspect of Industry 4.0 is the adaptability of machines for coping with new tasks [1] , [2] . Whereas the processing of information is flexible and not limited to a specific hardware, factory objects of today are not automatically adaptable. There are approaches to achieve a fast and economic adaptability of a factory by reconfigurable systems or modularization. However, today, this is only possible to a limited extent, because hardware modules are still planned for a specific use case and because the executing physical part of the machine and the controlling software part are not separated [3] , [4] . The software is firmly connected with the machine and a subsequent upgrade of the functionality is not possible unless it has been planned in advance and already implemented in the system yielding sub-optimal solutions. In this paper a new concept of adaptability and the necessary description of products and manufacturing equipment is presented.
VISION OF SDM
In the future, functionalities are represented as services or even micro services which have to be orchestrated (instantiated, parametrized and connected) to fulfil a certain production process at large. Currently, many manual steps are involved in generating physical systems and launching software. In the long run, it is expected that most of the manual work will be automated. All of the development steps described so far involve more software orientation, which also defines the hardware behavior. The concept Software Defined Manufacturing (SDM) is deduced from information and communication technology: Software Defined Anything (SDx) [5] . SDx represents concepts, which permit the configuration of system functionality solely via software. SDM describes the process of deriving the manufacturing description based on a product description (Figure 1) , which is independent of production engineering and which determines geometry, material, quality and function. All planning and manufacturing data are available during all stages of the product from planning to final delivery and beyond. From a technical point of view, the basic idea is that manufacturing is detached from the technical features of production equipment. Shortly before production begins, the required equipment is defined and parameterized by software so that a certain product can be manufactured. In addition, transportation, logistics and production steps can be derived from this description. For an automatic product-specific software definition covering all involved physical equipment and processes, a detailed virtual representation of these is needed, too. With the virtual representation, the physical behavior of involved production equipment with its components and processes is predictable by different models and simulations. For improving the virtual representation, generated data are stored and interpreted. Especially long-term data are stored for further evaluation, optimization or as basis for learning algorithms. The virtual representation gives the possibility to define and optimize the entire production process on all different control levels, too.
To define the manufacturing description, the virtual machinery description is used to decide on the manufacturing sequence and on the processes required. The Virtual Machinery Description represents the properties of the systems at the physical layer. The software is generated in accordance with this representation. The Virtual Test-Bench is used to ensure the correctness and optimization of the generated manufacturing software and controls. Therefore, SDM requires continuous virtualization starting from product design, engineering and manufacturing description along the entire value stream. SDM is a concept for orchestrating and adapting the factory and its production equipment via software. Physical factory objects are completely integrated into the production information networks, which determine a virtual image of the resources and processes involved ( Figure 2 ). SDM has to deal with a higher variance of functionalities than the analogies from Information and Communication Technology (ICT). The key aspect of SDM is the virtual representation of the physical systems -available at all time during engineering process and operation.
STATE OF THE ART

Digital Factory
In adopting the VDI Guidline 4499-1 on "Digital Factory", works on this topic might be considered as nearly completed. However, a closer look at this definition shows the potential: "The digital factory is the generic term for an extensive network of digital models, methods and tools, among other things, the simulation and the threedimensional visualization, which are integrated by a consistent data management. Their goal is integrated planning, evaluation and continuous improvement of all fundamental structures, processes and resources of the real factory in conjunction with the product".
Integration into data management is well on the way due to the work already done on product data management (PDM). Additionally, information exchange in the product development process between product development and product planning is processing well, too. For several years, there have been demands on digital production, which can be seen as guiding principles for the vision of further development:
• In the digital factory, all logistics and manufacturing processes, which describe the real factory, are represented.
• The real factory is built only when quantities and quality have been proven in the digital factory.
• At any time of the product life cycle, the digital factory is an image of the real factory. In most companies, as a project, the digital factory is divided into the activity fields project organization, process, IT and operations. The mostly already long-term nature of the activities penetrates trough all planning trades. In many cases, it has already achieved sufficient coupling to product development. Furthermore, the link between digital planning components and real steps in product development processes is well advanced, although the effective direction is mostly "digital after real". Until today, apart from a few exceptions, the direct feedback of the real environment into the digital model is implemented only very rudimentary. The long aimed removal of the separation of the digital factory into trades has given way to a value stream oriented operation, which is effective on each development level of the product development. However, due to the digital factory's position between product development and production, a current weakness of the digital factory can be identified: For more or less complex products and processes, the real-time simulation of the factory running in parallel with reality is not possible yet. As today, with enough effort, the digital factory can provide a complete "snap-shot" of the real factory, there are two aspects to be considered in order to overcome the weakness: sufficiently fast simulation in order to fulfill the real-time criterion and a link to the real factory in order to record the current parameters of the triad of product, process and resource. Ideally, even simulation faster than real-time is possible, so that effects of future decisions can be evaluated so that planning can be optimized. This is exactly where the concept SDM closes the gap.
Engineering
Today, the parallel approaches of mechatronic engineering are established only in a few companies and only in a few areas. In most cases, development projects are still processed sequentially, which means that in each case, the professional discipline involved (mechanical and electrical design, control software, etc.) overtakes the project after the works of the previous discipline have been completed. Although today, engineering tools for the individual professional disciplines involved in the development process do exist, each discipline uses their own description tools, which often cannot be understood by the other disciplines. This hinders the realization of concepts for mechatronic engineering, in which, in the development process, the disciplines are linked up more closely. By parallelize development steps, it is aimed to reduce development times and to increase the quality of the development by interdisciplinary cooperation in early stages. Additionally, mechatronic engineering is based on modular building blocks developments, in which the individual models for the modular system are developed. This facilitates reutilization analogical to object oriented programming. But what is missing here is that, from the initial idea to the final implementation, the models do not "grow along". So far, there is no concept, which allows an abstract simple description of modules, which are then enhanced with information in the development step.
Simulation Technology
Today, the functionality of a system, which does not exist in real yet, can be analyzed, tested and optimized by means of simulation methods. Hardware-in-the-loopsimulators are specifically convenient for simulation tasks across disciplines, because in the professional disciplines electrical design and control software development, there is the possibility of applying real control technology. Until today, there is no simulation modelling available, which is designed for the specific requirement of a development for mechatronic systems and which can be used as interdisciplinary, but also consistent, platform. Especially for a fast and qualified simulation of mechatronic function units in early development stages, there is the lack of a consistent tool, which supports professional views and thus, enables simulation of different development stages based on an integrated data model. Currently, the link between the simulation models of the individual development phases depends on the tools used. If the tools used are not compatible to the format, the information between the development steps gets lost and thus has to be determined and expressed in models again.
Model-Based System Engineering (MBSE)
In engineering there is always a question to simplify a complex world in order to ease and improve quality of the used models for both planning and simulation. Modelbased system engineering (MBSE) in general, advocates the notion of using models throughout the development and life-cycle of an engineered production system [11] . Model-based system engineering reinforces this by using models not only as way of abstraction, but also as tool for verification, implementation, testing, and maintenance. The application of model-based engineering techniques to production systems appears to be a good candidate to manage some of the problems arising in the problem domain of production planning and operation [12] . Model-based development strategies and model-driven automatic code generation for SDM are becoming known technologies on the functional level. However, they can only be applied within a limited functional scope. The use of corresponding modeling methods on the system, technology and configuration levels remains a challenge, especially with the increasing shift to complex networks of systems -so called systems of systems. Strong coupling between the control-engineering oriented and reactive parts of a system, and the growing number of variants introduced by complex production lines are advisable. Specific domain constraints, such as real-time requirements, resource limitations and production-specific dependencies, often handicap the acceptance of standard high-level modeling techniques and their application. The model-based development approach for production systems and their software proposes application-specific modeling techniques using an abstract to "away" the details of the implementation.
MODEL-BASED PRODUCTION ENGINEERING
The topic of Model-Based Production Engineering (MBPE) brings together a challenging problem of production engineering with a solution domain model-based engineering. It is also at the forefront of integrated engineering of production environments, as Software Defined Manufacturing is an essential tool for production system implementation and integration. Development, verification, configuration, and maintenance of production systems are often serious challenges, as drastic increases in complexity can be observed in practice. MBPE describes the development of models for virtual machinery description and the product to be manufactured as it is needed for SDM. The essential factor here is a model structure, which makes it possible, to design models with the help of a certain architecture. This architecture is comparable to an abstract class structure. Such an abstract class has to be constantly defined further, until finally an object corresponds to the virtual representation of a physical system. Firstly, no more classes, which correspond to a system family, are derived from the abstract class. Only by instantiation to an object, specific physical systems are assigned. Such an object reflects the state and the behavior of the real system as ideally as possible. Based on attributes and behavior of such objects planning and optimization of the system and manufacturing steps are executed. If the physical system already exists, the instantiation can be carried out by identification and machine learning out of real data of the physical system. As a result, a digital twin is created. The second case corresponds to the product development process, when no information of the physical system is available yet. The modelling is carried out manually over the complete product development process. The model is manually enhanced with information and functions and "grows along". It is important, that the same data model is used in all development steps and disciplines. Consequently, there is no break between development, manufacturing preparation and manufacturing itself. The abstract structure of the models is shown in Figure 3 . As mentioned above, the individual elements can exist across several levels and according to the product development cycle "grow along". Here the model behavior is influenced via parameters. Their impacts and all further elements are described in the documentation. With IN/OUT the model can be connected with each other. Faults can be directly activated in the model, in order to test further models and control software. The models are able to store corresponding historical data along with their current data, which can then be used for analysis or identification.
Information Flow
There are different visions and development goals both for the digital factory [6] , [7] and the shop floor-IT [8] . However, from many of these descriptions, it can be seen that a separated development of these two areas does not achieve the optimum for digital production, and especially not for SDM. A study carried out by ProSTEP iViP e.V. [13] shows, that the close bidirectional linkage between these two areas offers an enormous potential. For example, the factory system of the future will have artificial intelligence and will be able to optimize itself continuously and independently. It will recognize deviations from its target performance regarding costs, quality and time and will offer solutions in the product system and factory system. The vision described here goes one step further: It will be possible to sustainably improve the performance of the factory system both within a product lifecycle and from product generation to product generation. An essential prerequisite for achieving this vision is a high information transparency of the factory system for previous activities in planning and developing. Here, product, process and resource data from the planning phase as well as the tools of the digital factory serve as a basis. In the sense of the smart factory, via middleware for data exchange, intelligent plant modules [9] and process-related sensors deliver operational and environmental data of the ongoing factory system in real-time to all process participants, also in the development. Being enriched by these operational data collected online and in real-time, the digital factory can permanently present a current digital image of the ongoing factory system and thus, is considered as a "digital twin" of the real factory. In the basic model, such a linkage between real factory and virtual image can be seen as "classical" control loop with an observer. Already in 2008, such approaches have been described [10] -but until today they could not be implemented in complex product and process environments due to missing performant implementation and missing consistent interlinking. Figure 4 shows such a control loop in an abstract form, based on a digital twin. Besides the middleware for data exchange already mentioned, for bidirectional knowledge transfer and for comparing data to the past, it has to be ensured that all generated data are achieved in a defined rhythm and that they are available for respective evaluation as big data. New intelligent algorithms support the evaluation of these data and enable a long-term performance analysis of the factory system with the three components product, process and resource. Evaluation and selection of suitable and economic solutions are then made by ad hoc simulations or continuous simulations in the digital twin. It allows to have a virtual start of production (SOP) long before the real production starts. Here, it is important that via SDM, a deep intervention into the physical systems is possible, and that, within their physical limits, the systems can be influenced randomly, in order to achieve an ideal production result.
EXAMPLE
As part of a study, switch cabinet construction at mechanical engineers and plant engineers has been analyzed. In this study, the current situation in different companies and also the implementation of the SDM concept could be shown with a consistent virtual representation of the physical objects.
Situation in the Companies
Engineering Today, engineering for switch cabinet construction is mainly divided into the disciplines mechanics, electricity and software. Each discipline uses their own software, data model and way of thinking. For many companies, this software catalogue, which is very diversified, causes obstacles in engineering, but also in production. The development process contains many manual work steps in data transfer (e.g. the creation of parts lists or of terminal markings). Already, first solutions make it possible to automatically generate the necessary documents out of design drawings. Projects with integrated software solutions cannot only be realized faster, but there are also less errors when data is transferred manually. Here, it is difficult to express economical profit in numbers. The surveyed companies estimated the increase in cost efficiency in engineering to be up to 43 %. Up to now, the virtual representation was only 2-dimensional.
Production
For implementing SDM, further information is necessary. A 3-dimensional construction of the switch cabinet construction is required. Then, automatically, the complete mechanical work steps (recesses for connectors, cables, cooling units etc.) can be defined and programs for CNC machines can be generated. The distribution of built-in components up to heat development inside the switch cabinet construction can be simulated and the arrangement of the components can be optimized. The components and cables required are provided by logistics, which are derived from the virtual representation. Additionally, cable lengths can be derived from the routing. The cables can then directly be assembled by means of virtual representation by suitable machines. With this information, wiring plans for workers or cable robots can be generated.
Tests
From the construction data electrical test plans can be generated directly, which then are sent as test specification to the respective machines or as work instruction to the workers. Through a direct information feedback to the virtual representation possible changes can flow back. Today the feedback is with almost all questioned companies done manually in paper form. Thus the digital image has the same status as the physical object. If a simulation or a complete description of the plant exists, for which the control cabinet is planned, a functionality test can be carried out immediately using a HiL simulation. Possible errors and modifications can also flow back. The application of SDM and especially the continuous virtual representation of products and resources offers a huge potential for increased efficiency in production.
SUMMARY
In the past many processes and technology disciplines have been used separate form each other to improve both product and process engineering. The results so far show in most of the case local optima only. The approach of using the principles of Software Defined Manufacturing (SDM) founded on model based production engineering envisions the possibility to cope with the complexity of low number batch sizes in production. This paper has shown some first concepts of a flexible, software defined approach to use general purpose production equipment which is defined and parameterized by the use of an "ontime" and all times actual digital product description. First prototypes have shown the benefits in both process stability and cost saving.
